Introduction
Cast iron is a prime example of materials where the properties achieved depend on the characteristics of the microstructure. In ductile iron, the number and size distribution of graphite nodules, as well as the shape of the nodules, affects the mechanical, thermal properties.
1) The nodules to be considered should be round or nearly so. When a graphite particle's length is two or more times its diameter, it is usually no longer considered a nodule. 2) As the number of the nodules increases the structure and properties become more uniform, segregation is reduced and carbides generally will be minimized. Higher counts will also generally produce more uniform nodule size.
It is well know that in ductile iron, the graphite nodule density (nodule count) can be significantly influenced by the charge materials, alloy additions and metal processing including treatment and of course, inoculation and casting section modulus. Among those factors, modulus, carbon equivalent and inoculation quantity play a more important role on the shape and count of graphite particles in ductile iron castings. Many researchers studied the relationship of section size, carbon equivalent and inoculation quantity to the shape and count of the graphite particles separately. In those works, nodule count was characterized by solidification time, cooling rates at the eutectic temperature, section size or maximum undercooling. [3] [4] [5] [6] Few models include the carbon equivalent though it plays a very important role on nodule count. In order to discovery how these three factors affect on the nodules synthetically, a series of orthogonal experiments was designed below.
Experimental Procedure
A series of experiments which were designed based on the Orthogonal principle with three factors and three levels as shown in Table 1 , were carried out in order to study the effects of carbon equivalent, solidification time and maximum undercooling comprehensively. The levels of casting modulus and inoculation quantities were designed for the different levels of solidification time and maximum undercooling respectively.
The experimental melts were made in a medium frequency induction furnace of 500 kg capacity. Steel scrap, low impurity pig iron and foundry returns were used as charge materials. The melts were spheroidized with 2 wt% of Mg(7.5wt%)-Re alloys and were inoculated with 0.8 wt% of Fe75%Si alloys, using the sandwich method and late inoculation. The melts was poured at approximately 1 400°C. Hypoeutectic, eutectic and hypereutectic alloys were produced. The final chemical composition of the experimental ductile cast iron is listed in Table 2 .
The molten cast iron was poured into 20, 40 and 60 mm thick plate molds. Both the length and height are 300 mm. The shape and dimensions are shown in An evaluation model on the nodule count of graphite particles in ductile iron castings was developed based on a series of orthogonal experiments. The model is proposed for evaluating the count of graphite particles in ductile iron castings with different carbon equivalent (CE), local solidification time (t s ), and maximum undercooling. According to the nodule count spacial distribution theory, the graphite nodule density N v equals nuclei density after solidification. The measurement of N A values were carried out on experimental ductile iron castings designed according to the orthogonal principles. N v was calculated from area densities N A using Owadano rules. The results indicate that the count of graphite particles has a close relationship to CE, t s and instead of one of these three parameters.
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© 2010 ISIJ plates have a common gating system. And the molds were prepared using green sand with enough hardness to avoid the mold wall movement during the solidification.
The cooling curves corresponding to the geometrical centre of each section of the specimens were recorded using K type thermocouples covered with Al 2 O 3 and Na 2 SiO 3 and a 14 channel measurement device named Thermo-scan with running recording software on the computer. All the data were transmitted to the computer via a high speed CANBus to improve the measurement accuracy. Approximately every 100 ms (millisecond) the data were updated. The temperatures were recorded until solid-state transformation temperature was overcome.
Metallographic specimens were taken from center of each experimental casting. They were prepared using conventional polishing techniques. The area nodule count NA was measured by a QiuTie quantitative analyzer, only the diameter of the nodule particles beyond 2 mm are counted at a magnification of 100ϫ.
Experimental Results
Several cooling curves are shown in Fig. 2 . From the cooling curves, the minimal temperature T m at the onset of eutectic solidification was determined. The maximum undercooling in the individual casting was calculated form formula (1) 2) where T E is the stable equilibrium temperature of the graphite eutectic and C, Si, P are the weight percent of Carbon, silicon and phosphorus in cast iron.
The local solidification time at a given sample location (t s ) is calculated from the cooling curves using the principles of computer-aided differential thermal analysis (CA-CCA) of spheroidal and compacted graphite cast irons, 7, 8) which is shown in Fig. 3 .
The metallograph of the speciments in plates of 60 mm thickness with different carbon equivalent are shown in Fig.  4 .
The nodule count in volume unit N V can be calculated from the nodule count in area unit N A using the equation proposed by Owadano 9) 
Discussion
It is very obvious that there is a very close correlation between carbon equivalent and nodule count as shown in to CE for thinner samples. Local solidification time is used as variable parameter for analysis of results, instead of thickness. Because the given model based on it can be also applied to other systems which may include different mold conditions. Figure 6 shows the effect of local solidification time on nodule count of S.G. Iron castings, it can be concluded that the shorter solidification time of the ductile iron castings shows the larger nodule count. Figure 7 shows the experimental results for the measurements of the maximum degree of undercooling DT m and nodule counts N v . The results indicate that for a given melt, as the thickness of the castings increases the maximum degree of undercooling decreases and as a result the nodule count decreases the maximum degree of undercooling decreases.
Regression Model
When considering the carbon equivalent, local solidification time and undercooling, the following regression model was obtained to evaluate the nodule count of graphite particles in ductile iron castings: Where: R is the determination coefficient In Eq. (2), N A is the nodule count in area unit, N V is the nodule count in volume unit CE is the carbon equivalent, DT m is the maximum undercooling, t s is the local solidification time.
Using the regression model, the nodule count can be calculated from the carbon equivalent, maximum undercooling and local solidification time. Comparison of the experimental data and calculated data is shown in Fig. 8 and Fig. 9 . The calculated data is very close to the experimental data and the regression model is acceptable.
Conclusions
(1) The effects of metallurgical and processing parameters on the nodule count of graphite particles in ductile iron castings have been studied, considering the parameters of carbon equivalent, maximum undercooling and local solidification time within specific ranges of these variables.
(2) The nodule count increases with an increase in CE in each section size. The nodule count is markedly sensitive to CE thinner samples. The shorter solidification time of the ductile iron castings shows the larger nodule count. And as the thickness of the castings increases the maximum degree of undercooling decreases and as a result the nodule count decreases the maximum degree of undercooling decreases.
(3) An evaluation model was obtained with considering the valuables of carbon equivalent, maximum undercooling and local solidification time. The calculated data is very close to the experimental ones. The model provides a new way to calculate the nodule count of the graphite particles approximately.
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